Spray-dried polyphenols extracted from olive mill wastewater (OMW) were used to formulate 20% olive oil-in-water (O/W) emulsions stabilised with whey protein isolate (WPI) and xanthan gum at pH 7. The effects of olive biophenol extract (0.9-4.4 mM), whey protein isolate (0.13-0.5 %) and xanthan gum (0.06-0.2 %) on the physical stability (creaming index), viscosity, emulsion droplet size and distribution, primary and secondary oxidation products were assessed over accelerated storage of emulsions. Response surface methodology (RSM) was applied for experimental design using three-factor central composite design (CCD) with 3 central points.
Introduction
A wide range of foods are emulsions, e.g. mayonnaise, salad dressings, sauces, etc., and other food products include emulsions as an ingredient, e.g. yoghurts, ice creams and whipped products (Traynor, Burke, Frias, Gaston, & Barry-Ryan, 2013) . Food emulsions are kinetically unstable systems as the lipid and water phases tend to separate over storage (McClements, 2004a; Mirhosseini, Tan, Hamid, Yusof, & Chern, 2009 ).
Many stabilisers are usually added to food emulsions to improve their stability and lead to a longer shelf life, or improve the appearance, rheology and other factors (Mirhosseini, Tan, Taherian, & Boo, 2009; Sun, Gunasekaran, & Richards, 2007) . Polysaccharides, including xanthan gum, have been widely applied in the food industry, due to their characteristics related to its viscoelastic properties and its chemical properties, in particular the water solubility and pH stability (Sun et al., 2007) . Proteins are also used in oil-in-water (O/W) emulsions to facilitate their formation, improve their stability and provide specific physicochemical properties. Milk proteins, i.e. whey protein isolate and caseinate, and soy proteins have been reported (McClements, 2004b) . The ability of food manufacturers to formulate emulsion-based products with desirable and reproducible characteristics depends on knowledge of the relationship between the emulsion properties and matrix composition as well as microstructure (Mirhosseini, Tan, Hamid, et al., 2009) . For this reason, it is of great interest to study the interaction between stabilisers and other compounds added to give specific functional properties in O/W emulsions.
Olive oil is one of the most appreciated vegetable fats, and is of paramount importance in the Mediterranean diet, which has been linked to human health benefits (López-Miranda et al., 2010) . Olive oil has been described as a natural functional food, due to its composition and presence of valuable phytochemicals, including phenolic compounds, squalene and α-tocopherol (Stark & Madar, 2002) .
However, the presence of phenolic compounds in refined olive oil, and generally in vegetable oils which undergo refining processes, is dramatically lower than virgin olive oils. A possible approach to overcome this issue, to improve the nutritional profile of the vegetable oils and high fat foods, could be the addition of olive phenolic compounds recovered from byproducts of olive oil extraction, i.e. olive mill wastewater (OMW).
OMW leads to important environmental issues in olive oil producing countries because of its high pollution risks due to its high chemical oxygen demand. However, OMW also contains high concentrations of biophenolic compounds derivatives of secoiridoids (oleuropein, ligstroside) and verbascoside (e.g. hydroxytyrosol tyrosol, caffeic acid), vanillic acid, luteolin-7-glucoside, etc. (De Marco, Savarese, Paduano, & Sacchi, 2007) . Alternatives for its disposal and innovative ways for the application of the extracted phenolic compounds in food products are therefore important research questions (Garcia-Castello, Cassano, Criscuoli, Conidi, & Drioli, 2010; Schieber, Stintzing, & Carle, 2001 ).
Response surface methodology (RSM) is usefully applied as an effective tool for the optimization of a process when the independent variables can exert a combined effect on the desired response (Koocheki, Taherian, Razavi, & Bostan, 2009) . RSM has been previously applied by other researchers to study the behaviour of food emulsions and the dependence of emulsion stability on their ingredients (Gharibzahedi, Mousavi, Hamedi, & Ghasemlou, 2012; Mirhosseini, Tan, Hamid, et al., 2009; Mirhosseini, Tan, Taherian, et al., 2009; Traynor et al., 2013) . Among the advantages of its application, RSM allows the design of a comprehensive model describing the characteristics of a system, by minimizing the number of experiments required. Central Composite Design (CCD) is one of the most common forms of RSM applied to various food systems (Ahmed, Rico, Martin-Diana, & Barry-Ryan, 2011) . This approach was therefore applied in the present research.
Whereas the characterisation of O/W emulsion behaviour is a widely researched topic, little is still known about olive O/W emulsions formulated with stabilisers like WPI and xanthan gum, with particular emphasis on the possible effects of olive biophenols. In this context, the use of these phenolic extracts for the development of a functional food is of great interest for the food industry and might help in the valorisation of olive by-products.
Therefore, the aim of the present paper was to evaluate the effect of concentration on the stability of O/W emulsions made by using olive oil and functionalised by the addition of olive mill wastewater phenolic extracts (P-OMW), using different levels of hydrocolloids, i.e. WPI and xanthan gum, and to build statistical models to describe the emulsion stability in terms of both the physical behaviour and oxidation status over storage.
Materials and methods

Olive oil sample, stabilisers and P-OMW extract
Freshly refined olive oil was donated by I.O.B.M. srl (Montesarchio, BN, Italy). Xanthan gum from Xanthomonas campestris was purchased from Sigma-Aldrich (Darmstadt, Germany).
WPI was 97.5 wt% protein, and lactose content was less than 1 wt%. A phosphate buffer solution at pH 7.0 was prepared using monosodium phosphate and sodium hydroxide (SA, Darmstadt, Germany). The buffer was used to maintain constant pH, as this parameter can affect emulsion stability (Sørensen et al., 2008) . All other chemicals were of analytical grade purity. Phenolic powder extract from OMW was donated by LABS (Department of Agricultural Sciences, University of Naples Federico II, Italy). P-OMW production process has been reported by Troise et al. (2014) and the emulsions formulated with these extracts were previously applied for other studies on O/W emulsions (Caporaso, Genovese, Burke, BarryRyan, & Sacchi, 2016) . The composition of the three main phenolic compounds analysed by HPLC-UV-Vis was as follows: OHTy 32±0.2 mg g -1 , Ty 1.9±0.1 mg g -1 , verbascoside 2.8±0.09 mg g -1 (Troise et al., 2014) .
Experimental design
RSM was applied in the present experiment to study the effect of P-OMW, WPI and xanthan gum on olive O/W emulsion properties and stability over storage. The effect of three independent variables, i.e. P-OMW (0.01-4.4 mM, expressed as hydroxytyrosol equivalent), xanthan gum (0.06-0.25 % w/w) and WPI (0.13-0.63 % w/w) were studied in relation to the emulsions physical and oxidative stability. In particular, the creaming index, mean droplet size, turbidity, lipid hydroperoxide formation and TBARS were assessed over the storage period.
The experimental design was based on central composite design (CCD), with three replicates of the central point, and data was fitted with a second order polynomial equation.
ANOVA and regression surface analysis were used to determine the statistical significance of the model factors and responses and to calculate a regression equation based on the experimental data. The mathematical model used to describe the variation in the responses used the following equation:
where Y is the response value predicted by the model; β 0 is a offset value; β i , β ii and β ij are the main (linear), quadratic and interaction regression coefficients, respectively (Neter & Wasserman, 1992) .
The software uses a quadratic model to build response surfaces. The complete design consisted of 17 experimental points (runs) including 3 replicates of the central point. The concentrations of the P-OMW, xanthan gum and WPI that were used in the 17 runs for the RSM are reported in Table 1 .
The range of concentrations of the hydrocolloids and OMW phenolics were chosen according to previous works (Di Mattia, Sacchetti, Mastrocola, & Pittia, 2009; Sun et al., 2007) . In particular, the minimum and maximum concentration of OMW biophenols were chosen based on previous literature regarding the natural content of olive oil biophenols , and calculations were made to mimic similar amounts expressed as hydroxytyrosol emulsions (Caporaso et al., 2016) .
Emulsion preparation
Emulsions were prepared by dispersing different amounts of spray-dried P-OMW powder (0.9-4.4 mM expressed as OHTy) and WPI (0.13 or 0.5% w/v) into a buffer solution (5mM phosphate buffer, pH 7). The OMW phenolic extract was spray-dried by using maltodextrins as coating agents, as previously reported by Caporaso et al. (2016) and Troise et al. (2014) . The aqueous phase was gently stirred for 2 h at room temperature to ensure dissolution, using a magnetic stirring bar and magnetic stirrer hotplate (Stuart CB162, Bibby-scientific, Staffordshire, UK). The pH was checked and adjusted to pH 7.0 using 1M HCl. Xanthan gum (in the range 0.06 to 0.2% w/v) was added to the emulsions and gently stirred (100 rpm) overnight at room temperature to allow complete hydration. Emulsions were produced by blending 20% (v/v) refined olive oil in the solution previously prepared using a high-speed blender at 8,000 rpm for 2 min, after a pre-emulsification phase (Traynor et al., 2013) . The emulsions were transferred into glass tubes for analyses, and stored in an incubator at 40 °C ±1 °C for kinetic stability evaluation.
Creaming value
Creaming value was monitored visually according to literature (Dickinson, Radford, & Golding, 2003) . Duplicate samples of emulsions were stored in 75 mm x 12 mm sample tubes (York Glassware, UK) at 25 ±0.5 °C. Measurement of the serum layer (creaming index) was carried out manually using a 60% fiberglass Measy 2000 Typ 5921 (Baty, Switzerland).
Stability was evaluated as percentage decrease from the initial height, using the following formula: Creaming Index=100 × (H S /H E ); where H S is serum layer formed at the bottom of glass tubes, and H E is the total height of the emulsions in the tubes (Klinkesorn, Sophanodora, Chinachoti, & McClements, 2004) .
Viscosity
Rheological measurements were carried out using a Bohlin C-VOR dynamic rheometer (Malvern Instruments Inc., Southborough, MA). Emulsion viscosity was measured at 25 °C, over a shear rate range of 0.01-100 s -1 with cone-plate geometry (CP 40/4°). All measurements were performed within 24 h from emulsion preparation. A logarithmic progression was applied, and sweep time was 120 s. Oscillatory tests were performed by pouring emulsion samples (typically 1-1.5 mL) directly on the holding stage and samples were covered with thin paraffin oil layer preventing water evaporation. In oscillatory experiments the storage (G') and loss (G'') moduli were recorded versus frequency (0.1-10 Hz) at constant strain, with increasing of logarithmic scale. The linear viscoelastic region was previously determined selecting a strain of 0.5 Pa, recording G' and G'' versus shear stress (0.01-100 Pa) at a constant frequency.
Mean particle size by image analysis (optical microscopy)
For particle size determination through digital image analysis, emulsions were diluted 1:1000 using the buffer solution to avoid droplet overlapping. A drop of emulsion was placed on a microscope slide and then covered with a cover slip. The microstructure of the emulsion was observed using an Olympus DP72 optical microscopy (Olympus, Tokyo, Japan) at 40x and 400x magnification. Digital pictures were taken by using an Olympus E-620 digital camera mounted on the microscope. Mean droplet size was calculated by analysing the microscopic images with ImageJ 1.47t 64-bit software (National Institutes of Health, USA). The function
Analyse Particles was used after Colour Threshold and using the following options: size 0.01-infinity; circularity: 0.00-1.00; exclude on edges; particle size >2 μm 2 ; options exclude droplets on edges and include holes. At least 20 pictures were taken at 100x magnification for each emulsion analysed. Image analysis was performed as described by previous workers (Silva, Rocha-Leão, & Coelho, 2010) , where details of the method were reported.
Emulsion droplet size distribution (D[3,2])
Droplet-size distributions of the emulsions were determined by using a Mastersizer 2000
Hydro 2000S (Malvern Instruments, UK), which gives measurement based on light scattering under high dilution conditions by dispersing the samples in distilled water (Dickinson et al., 2003; Lethuaut, Métro, & Genot, 2002) . To avoid multiple scattering effects, the freshly prepared emulsions were diluted to reach an obscuration rate of about 3. The refractive indices of water and refined olive oil were 1.330 and 1.418, respectively. Average droplet sizes were All measurements were made at room temperature and four measurements were obtained for each sample. A bimodal particle-size distribution was taken to be indicative of non-reversible flocculation (Dickinson et al., 2003; Lethuaut et al., 2002) .
Cloudiness
Cloudiness measurement, also called turbidity or opacity, was carried out according to previously published methods for O/W emulsions (Mirhosseini et al., 2008) . Samples were taken after 24 h to their preparation and analysed over the storage period. In the case of separated emulsions, the supernatant was sampled, while in the absence of evident phase separation, the upper part was sampled as well. Emulsions were diluted (1:1000) and cloudiness was expressed from the absorbance at 660 nm. High absorbance reading values correspond to the high emulsion cloudiness. Distilled water was used as a reference (Mirhosseini, Tan, Hamid, et al., 2009 ).
Emulsions viscosity
Rheological measurements were carried out in accordance to previous papers reporting on O/W emulsions stabilised by WPI and xanthan gum (Sun & Gunasekaran, 2009 ). Steady shear viscosity and small-amplitude oscillatory shear tests were conducted using a Bohlin C-VOR dynamic rheometer (Malvern Instruments Inc., Southborough, MA). Emulsion viscosity was measured at 25°C, over a shear rate range of 0.01-100 s -1 with cone-plate geometry (CP 40/4°).
All measurements were performed within 24 h from emulsion preparation. A logarithmic progression was applied, and sweep time was 120 s. 
Oxidative stability
Lipid hydroperoxides
Thiobarbituric acid reactive substances
Thiobarbituric acid reactive substances (TBARs) were determined according to previously published methods (Di Mattia, Sacchetti, Mastrocola, Sarker, & Pittia, 2010) . Emulsions (0.1-1 mL) were mixed with 2.0 mL of TBA reagent (15% w/v tricholoracetic acid and 0.375% w/v thiobarbituric acid in 0.25 M HCl) in test tubes and placed in a boiling water bath for 15 min.
The tubes were cooled to room temperature for 10 minutes and then centrifuged (2000 g using a Hettich Rotanta 460R centrifuge) for 15 min at 20 °C. After 10 minutes, the absorbance was measured at 532 nm. TBARs concentration was determined by a standard curve prepared using 1,1,3,3-tetramethoxypropane.
Statistical analysis by RSM
The approach chosen in the present paper to analyse the contemporary effects of three variables on the emulsion stability was the Surface Response Methodology. The statistics was performed as previously reported by others (Ahmed et al., 2011; Traynor et al., 2013) .
RSM was used to fit the experimental data to the quadratic polynomial equation to obtain coefficients of the equations. The model and statistical analyses and contour plots were analysed using Statgraphics Centurion XVI (Statistical Graphics Co., Rockville, USA) and Design-Expert 6.0.11 (Stat-Ease, Inc., Minneapolis, USA).
To verify whether the observed differences were statistically significant as due to the presence and level of P-OMW, WPI and xanthan gum, the analysis of variance (ANOVA) was performed for each response to assess whether the observed differences were statistically significant. The adequacy of the model was checked accounting for R 2 and adjusted-R 2 . A level of p<0.05 was set as critical to consider the differences as significant in the model. The quality of fit was assessed by regression coefficient of determination along with an analysis of residuals. The fitting ability of the tested models was also evaluated by calculating the root mean squared error (RMSE) according to the literature (Neter & Wasserman, 1992) . The analyses were performed at least in triplicate (with the exception for the digital image analysis, for which circa 20 pictures were taken per sample) and data was reported as the estimated parameter ± standard error (SE). The adequacy of the regression equations was also checked, by comparing experimental data with predicted values obtained from the equations.
Results and discussion
Model fitting and statistical analysis
The positive or negative effects of OMW biophenols, WPI and xanthan gum, considered as independent variables, on physical and chemical parameters related to emulsion quality and stability were investigated using RSM. Table 2 . In addition the adjusted R 2 was calculated to check the model adequacy. The significance of the models was also studied using the F-ratio and p-value ( Table 3) .
The rotatable central composite design (CCD) with α = 1.682 has been carried out on seventeen randomized runs (2 3 + (2 x 2) +3), i.e. using 2 replicates of factorial points and 3
replicates of the central points. CCD has been applied widely in similar experiments in the field of food science when several factors are under investigation, and it was reported to be particularly useful (Daneshvand, Ara, & Raofie, 2012; Gharibzahedi et al., 2012; Mirhosseini, Tan, Hamid, et al., 2009; Traynor et al., 2013) .
From the normal probability graph and the residuals histogram, the data followed a normal distribution and therefore the model gives a good description of the experimental data. The design allowed for modelling the responses by fitting a second-order polynomial. The results of the regression analysis show that the models prediction capacity were very good for creaming and viscosity and were acceptable for PV and TBARS, while no statistically difference was found for the droplet size, both in case of image analysis on stored emulsions and D[3,2] on freshly prepared emulsions. The results from ANOVA are reported in (Daneshvand et al., 2012; Joglekar, May, Graf, & Saguy, 1987) . The parameter lack-of-fit is an indication of the adequacy of a model to describe the experimental factors and the response variable, considering the data not included in the regression or some variations that cannot be accounted for random error (Montgomery, 2001 ).
The lack of fit illustrated in Table 2 did not result in significant p-value for the studied variables, therefore meaning that these models were sufficiently accurate for predicting the relevant responses.
From the obtained regression models, the response surface was calculated for each response separately. It has been previously suggested that the polynomial regression models and recommended optimum region should be considered as meaningful only in the studied independent variable ranges. Thus, it may not be true beyond the ranges of the factors (Montgomery, 2001) , and for this reason the models were studied only in the specified regions as it was suggested to avoid extrapolating statistical models beyond these range (Mirhosseini, Tan, Taherian, et al., 2009 ).
The analysis of the results is shown for the interaction effects by using the Pareto chart, and setting a P value of 0.05, which was shown by the vertical line. Moreover, the positive or negative sign indicate whether a factor has a positive or negative effect on the studied response ( Fig. 1) , as better described in the following sections. The positive sign indicates that a specific ingredient (independent variable) lead to higher values of the response set, i.e. creaming, viscosity, PV and TBARS, while the negative sign indicates an opposite effect. When an ingredient is shown twice, it indicates a quadratic effect of the variable, which might also indicate a stationary area (Gharibzahedi et al., 2012; Neter & Wasserman, 1992) .
Creaming
As reported in Table 2 for the regression coefficients of the model, and in Fig. 1a to show the statistical significance, the creaming rate was negatively associated with all the three independent variables studied, with particularly higher values for xanthan gum. However, only the independent variables xanthan gum and OMW biophenols were statistically significant (p<0.05), both with a quadratic effect of xanthan gum which indicates a stationary point.
Therefore, this is clearly the critical parameter for creaming rate. As the aim of emulsion production is the lowering of creaming velocity, the lowest values of creaming in terms of RSM model are desired, i.e. statistically negative effects that indicate lower physical instability toward phase separation (McClements, 2004a) . In fact, it was reported that O/W emulsions stability is strongly correlated with the presence of polysaccharides (Klinkesorn et al., 2004; Sun et al., 2007; Traynor et al., 2013) . This result could be related to the emulsifying properties of some proteins and especially WPI, as previously reported (Hu, McClements, & Decker, 2003a; McClements, 2004b; Moschakis et al., 2010) . However, in comparison to xanthan gum, WPI had more limited effects as shown in the surface plot, and particularly at low concentrations, suggesting that no further improvement are obtained once the emulsion droplets are covered by the proteins.
Interestingly, the plot of xanthan gum and OMW phenolics show a slight but important improvement of these compounds on emulsion physical stability, and for this parameter a high polyphenols concentration lead to longer stability. This result is likely not be an effect of the sole polyphenols but also due to the coating agent used for encapsulation.
Emulsifying agents are known to interact with several other components in emulsion systems, which lead to different effects on the stability of the emulsion, depending on the affinity of the molecules (Dickinson et al., 2003; Gharibzahedi et al., 2012; McClements, 2004a; Mirhosseini, Tan, Hamid, et al., 2009 ). The creaming index was expected to be directly influenced by xanthan concentration (Krstonošić, Dokić, Dokić, & Dapčević, 2009) , whereas some authors reported that at certain concentration, stabilisers like xanthan gum induce a higher creaming rate by the mechanism of depletion flocculation (Chanamai & McClements, 2001 ). The results for creaming rate were in line with the findings reported by Sun and Gunasekoran (2009) , as increasing WPI concentrations caused a slight decrease in the creaming index.
Viscosity
The Pareto chart highlights that the main effect of xanthan gum and polyphenols was statistically significant, both with the second-order effect of xanthan gum and the interactive effects of polyphenols and xanthan gum (Fig. 1b) . These independent variables positively affected the viscosity measured at strain of 1 s -1 , meaning a higher apparent viscosity of the product. This result was expected for xanthan gum, as this hydrocolloid is mainly used as a stabiliser through its action on viscosity when added in water solutions. However, the influence of the olive biophenols extract was significant, also in its interaction with xanthan gum. This effect might be explained mainly by the coating material used for the spray-drying of the OMW phenolic extracts, namely maltodextrin, as this starch-derived polysaccharide can also affect the rheological properties of food products. Previous papers on O/W emulsion stability reported that xanthan gum had a main effect on viscosity value and viscosity ratio (Mirhosseini, Tan, Taherian, et al., 2009 ).
As shown in Fig. 3 , when xanthan gum concentration is plotted against WPI or biophenols, these latter factors had little influence on the apparent viscosity, with a slight effect at the highest concentrations tested for both ingredients. On the contrary, the protein-biophenols plot show a dramatic decrease in viscosity at low concentrations of WPI and phenolics.
Emulsion droplet size by image analysis and light scattering techniques
The statistical models for mean droplet size analysed by digital optical microscopy was not statistically significant at p=0.05 (Table 3) . For this reason, the response surface plots were not shown and no further analysis was carried out. The absence of statistical significance was attributed to the high standard deviations of the measured mean particle sizes. In fact, a binomial distribution was observed both in fresh and stored emulsions.
Image analysis through optical microscopy was previously reported for the evaluation of aging mechanisms of olive O/W emulsions, and they stated that this technique is a valid approach (Silva et al., 2010) , whereas there are objective issues in overcoming the high variability of this type of analysis. Similarly, the light scattering techniques using the Mastersizer has been widely applied for the characterisation of emulsion droplet distribution, and the volume-surface mean (D[3,2]) has been reported as a valid means for particle size distribution measurement (Hu, McClements, & Decker, 2003b; McClements, 2004a) .
It should be also noted that previous papers reported that a narrow range of variations of particle diameters in O/W emulsions, as in the present model systems, may not markedly influence particle behaviour (Logaraj, Bhattacharya, Sankar, & Venkateswaran, 2008) .
Lipid oxidation and cloudiness value
As shown by the Pareto graph, the level of lipid hydroperoxides (PV) formation in O/W emulsions was significantly (p<0.05) affected by the WPI-polyphenols interaction, by a second-order interaction for xanthan gum, and by the interaction between polyphenols and xanthan gum (Fig. 1c) . A statistically negative effect resulted from the interaction between polyphenols and xanthan gum. For both oxidation indices PV and TBARS, a negative effect is desired, as this indicates a lower concentration of oxidation products in emulsions over storage, with consequently longer emulsion chemical stability.
As shown in Fig. 4a , the hydroperoxide concentration was highest at the lowest concentrations of OMW polyphenols and WPI. This result was expected as biophenols are added to retard lipid oxidation in emulsions, but also some milk proteins are reported in literature to exert some antioxidant activity (Di Mattia et al., 2009; Sun & Gunasekaran, 2009; Tong, Sasaki, McClements, & Decker, 2000) . Interestingly, an interactive effect was noticed at the highest concentrations of both groups of compounds which caused an increase of PV value.
This demonstrates that a pro-oxidant effect can be found at high concentrations of both olive phenolics and WPI. From the RSM plot, higher biophenols concentration caused the lowest PV, while when it was associated with high WPI concentration, a deleterious effect was noticed.
Opposite results were found for TBARS concentration, as the lowest values were observed at low biophenols and WPI levels (Fig. 4b) . Therefore, the highest concentrations should be avoided to retard excessive production of secondary oxidation products. In fact, both polyphenols and WPI had statistically significant effects, shown by the Pareto chart (Fig. 1d) , both with a second-order effect of xanthan gum. The first two independent variables had positive effects while xanthan gum resulted in a negative effect on TBARS, where lower values are desired. Xanthan gum at high concentrations was reported to accelerate lipid oxidation in menhaden O/W emulsions stabilised by WPI and xanthan gum; this was explained by the fact that it interacts with unabsorbed WPI in the continuous phase and prevents the WPI from acting as an antioxidant (Sun et al., 2007) . When high concentrations of WPI were used, an increase in PV value was observed, while little influence resulted for TBARS. In fact, in the present research the chosen concentrations of xanthan gum was similar, but the WPI was ten-fold lower and this might explain the different behaviour observed.
WPI alone were reported to decrease the formation of hydroperoxides in O/W emulsions (Sun & Gunasekaran, 2009 ). This phenomenon was observed only when the minimum amount of OMW phenolics was used, while in these experiments an opposite effect was observed.
The improvement in the oxidation indices of olive O/W emulsions as affected by the addition of individual phenolic compounds was previously reported to be not dramatic, both for primary and secondary oxidation products. In fact, for some phenolic compounds such as catechin, a higher production of TBARS was reported in such emulsions with respect to the control (Di Mattia et al., 2010) . The primary lipid oxidation marker (hydroperoxides) did not correlate with the secondary oxidation marker (TBARS). This effect is in accordance with previous papers, where it also suggested that polyphenols in O/W emulsions could promote the degradation of primary oxidation products due to their ability to reduce transition metals to their catalytically active state (Mei et al., 1999) .
Cloudiness surface plots show a clear positive dependence with xanthan gum concentration, but OMW polyphenols also influenced emulsion cloudiness (Fig. 4c) . Whereas the colour of the phenolic powder caused a darker appearance of the final water dispersion, the lower cloudiness at increasing concentration of phenolics was not surprising due to their light absorption in the lower regions of the light spectrum, i.e. below 300 nm, while the cloudiness value was assessed as 660 nm in accordance with previous literature for diluted O/W emulsions (Mirhosseini, Tan, Hamid, et al., 2009 ). reported a positive effect of both Arabic gum and xanthan gum on the droplet concentration thereby increasing the cloudiness, as in theory the emulsion cloudiness is due largely to the suspended solid particles in the emulsion and dispersion system. Finally, it should be noted that a higher or lower cloudiness value itself cannot be considered as a positive or negative indicator, as this evaluation depends on the specific use of the food product and the desired characteristics.
Our results indicate that in terms of oxidative stability, when a low concentration of WPI is present in the system, there is a risk of increasing the PV levels. On the contrary, when high WPI concentrations are added, a contemporary increase of the biophenol extracts should be added to avoid excessive increase of the primary oxidation rate. In terms of TBARS, according to the present results, very high concentrations of both WPI and phenolic extracts should be avoided. However, the oxidative stability is not the sole parameter to consider in O/W emulsions formulation, as the physical properties, e.g. creaming and viscosity, might be more important for some applications. Therefore, balancing all these parameters for the emulsion formulation and optimisation is necessary from a practical level. In terms of antioxidant capacity, recent studies have demonstrated the anti-glycative capacity of olive mill phenolic extracts obtained by ultrafiltration and nanofiltration, and it was reported that they effectively inhibited advanced glycation end-products formation (Navarro et al., 2015) . Further studies are needed to demonstrate functional properties in vivo, and to clarify the mechanisms of actions of these phenolic extracts, as previously suggested by other researchers. Finally, from an industrial point of view, to enhance the technological functionality of the P-OMW, one of the objectives to reach is the control of trace metals that are naturally found in the olive or added in farming, e.g. copper compounds used as agrochemicals.
Model optimisation
OMW biophenols, WPI and xanthan gum were considered for the prediction of the best experimental conditions, i.e. the highest desirability based on the responses which were statistically significantly from the model. The optimum conditions for 20% olive O/W emulsion stability were evaluated to obtain the minimum creaming rate, maximum viscosity, and minimise the PV, TBARS and cloudiness. These parameters were set up to optimise the model desirability. As the model for emulsion droplet size was not statistically valid, this was not considered in the optimisation model.
The range of WPI, polyphenols and xanthan gum set for the model optimisation calculations
was kept in the range tested experimentally, as this model should not be used for higher and lower values than those used in the experiment. As shown in Fig. 5 , the highest desirability was shown for high olive polyphenols extracts, but medium-high WPI concentrations. The interaction between xanthan gum and polyphenols had high desirability values at increased concentrations of both factors, and the lowest hydrocolloids concentrations resulted in the lowest values. It was also shown that high WPI concentrations should be avoided, especially at low xanthan gum concentrations. In fact, when medium-high WPI concentrations are used, the xanthan gum concentration in the final formulation should also be increased. However, the model overall desirability was 0.70 and therefore other concentrations should be tested in the future for better optimization, i.e. lower and/or higher factor concentrations. Also, other hydrocolloids might be tested to check whether better stabilisation can be obtained, especially considering the interaction with olive polyphenols.
Conclusions
Refined olive oil was used as fat source to produce model O/W emulsions, which were functionalised by adding olive mill wastewater phenolics. The emulsions were stabilised by using whey protein isolate and xanthan gum, and analysed over accelerated storage conditions.
Our results showed that the effect of OMW phenolic, WPI and xanthan gum was statistically significant on emulsion creaming rate, viscosity, PV, TBARS and cloudiness. Second-order polynomial models were obtained for predicting these responses, resulting in good performances especially for the first two responses. It has been highlighted that the interactions between OMW phenolic extract and the hydrocolloids studied should be seriously considered for the formulation of these olive O/W emulsions, because of possibly unwanted negative effects on both physical and chemical stability. Whereas the addition of biophenols extracted from natural sources is of great interest for researchers and food industry, many variables should be taken into consideration, as they might improve or decline the emulsion stability, depending on the parameter analysed. The greater oxidative stability was lower than expected, and this was explained by the possible protein-polyphenols interactions taken place when WPI are present in the system.
In addition, another positive effect of the presence of olive biophenols in O/W emulsion could be the enhancement of aroma release, probably due to the contrasting effects of binding of volatile compounds caused by whey proteins, for the polyphenol−protein interaction phenomenon (Genovese, Caporaso, De Luca, Paduano, & Sacchi, 2015) .
The present study reported on the effects of olive mill wastewater phenolics in an emulsion model system considering the possible binding with whey proteins, and the interaction with xanthan gum usually used as stabilisers in a variety of food products. Further investigation is needed on the coating material used to encapsulate the phenolic extracts, as they might modulate their full potential in terms of antioxidant effect, and to assess the functional properties of these products during in vivo digestion. 
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